ABSTRACT We examined the effects of feeding a fruc tose, sucrose or reference diet during gestation and lactation on blood substrate levels and insulin sensitivity in rat adipose tissue. Female rats were fed either 50% fructose or 50% sucrose purified diets or a nonpurified diet ad libitum during gestation and lactation. Fasting blood samples were taken on d 10 of gestation and one oral glucose tolerance test was conducted on d 19 of gestation, with a second test performed on the day of weaning. All dams were killed 2 d after weaning. During gestation, fructose feeding induced hypergrycemia and hypertriglyceridemia in early pregnancy (d 10) relative to sucrose-fed rats, and hypotriglyceridemia in late preg nancy (d 19) as compared with the group fed the reference diet. Compared with the reference group, su crose feeding also caused hypotriglyceridemia during late pregnancy. Pups delivered to fructose-fed dams were hyperglycÃ©mie at birth. In comparison with the reference group, fructose-fed dams were hypoglycÃ©mie, whereas sucrose-fed dams were hypertrigryceridemic at weaning. There was no difference in each of the two oral glucose tolerance test responses between the three groups after adjusting for the baseline difference in glucose levels. However, lipid synthesis in isolated fat cells in response to insulin stimulation was significantly lower in fructose-fed and sucrose-fed rats relative to the reference group.
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Since the availability of high fructose corn syrup in the 1970s, the consumption of fructose has doubled in the United States (1) . Fructose induces only a mod erate rise in blood glucose and insulin levels (2-4) and hence has been recommended as a substitute for su crose for diabetic patients (3) . However, fructose feeding also induces hypertriglyceridemia, hyperinsulinemia and insulin resistance in humans and animals (5) (6) (7) (8) (9) (10) (11) (12) . Hypertriglyceridemia observed after fructose ingestion has been attributed to increased hepatic VLDL-triglyceride synthesis and secretion rate (8, 9) , impaired peripheral clearance (13) and hyperinsulinemia and insulin resistance (8) . Hepatic gluconeogenic enzyme activities are elevated in fructose-fed rats, which may explain the hyperglycemia manifested in these rats (5) . Insulin resis tance has been suggested to be the result of reduced ability of circulating insulin to suppress hepatic glucose output (12) and hypertriglyceridemia (11) . Feeding humans or animala a diet high in sucrose also induces hypertriglyceridemia and insulin resistance (14, 15) . The fructose moiety of sucrose has been suggested to be responsible for the deleterious effects associated with sucrose (11, 16) . When sucrose was used as a major carbohydrate source in the diet, Gutman et al. (15) reported that the metabolic and hormonal profile depended on the length of the su crose feeding. Short-term sucrose feeding (induction period) increases blood, heart and liver triglycÃ©ride levels and impairs glucose tolerance. Medium-term feeding (40-55 d, adaptation period) is characterized by normalization of the previously mentioned abnor malities. Long-term sucrose ingestion again causes abnormal metabolic conditions (90-120 d, recurrence period). Therefore, when examining the effect of dif ferent dietary carbohydrates, not only the source, but also the feeding duration should be considered.
Under normal conditions, pregnancy is a stage of altered metabolic profile. Blood triglycÃ©ride levels are elevated steadily through the pregnancy, whereas cho lesterol remains stable until the third trimester, when an increase is observed (17) . Fasting blood insulin levels as well as those in response to stimulation are elevated (18) but blood glucose concentrations remain stable during pregnancy (18) . Therefore, an insulinresistant state is apparent during pregnancy (19) . Under normal conditions, all these metabolic changes return to the pre-pregnancy state after delivery. Con sidering the similarities of metabolic profile between normal pregnancy and fructose feeding, there may be an additive or synergistic effect of fructose feeding during pregnancy. In light of a steady increase in fructose consumption, we examined the effects of fructose ingestion during pregnancy and lactation.
MATERIALS AND METHODS
Animals and diets. Forty female Sprague-Dawley rats (200-225 g) were purchased from HarÃ-anSprague Dawley (Indianapolis, IN). They were housed individ ually in stainless steel hanging cages in a temperature-controlled room (22 Â± 1'C) with a 12-h light:dark cycle (lights on 0700-1900 h). After a 1-wk adaptation period, the rats were divided into three diet groups. The reference group (n -8) was fed a nonpurified commercial diet (Purina laboratory chow #5001, Ralston Purina, St. Louis, MO) con taining (g/kg): crude protein, 234; fat, 45; ash, 73; fiber, 50; and nitrogen-free extract, 498. The energy density was 14.9 kj/g. Rats in the sucrose-fed group (n -16) were fed a purified AIN-76 diet (20) containing (g/kg): sucrose, 500; cornstarch, 150; fiber, 50; protein, 200; and fat, 50. The energy density was 16.1 kj/g. Rats in the fructose-fed group (n -16) were fed a diet with identical composition except sucrose was replaced with fructose. Both the sucrose and fructose diets were prepared by ICN Biochemicals (Cleveland, OH). Rats were fed their designated diets ad libitum. The experimental protocol was approved by the Human and Animal Investigation Committee of Wayne State University.
Procedure. Ten male rats of the same strain were used to mate with the female rats. Mating com menced within 2 wk of consuming the experimental diets. The day when vaginal plugs were found was designated d 1 of pregnancy. Pregnant rats were then housed in polycarbonate maternal cages with wood chips as bedding. Body weight and food intake were measured three times per week. On d 10 of preg nancy, rats that had been fasted overnight (food was removed -1800 h the day before) were anesthetized with ether to obtain 1 mL of blood from retro-orbital sinus. Blood samples were centrifuged at 1000 x g for 8 min. Plasma was separated from RBC and samples were stored at -20"C for glucose determination. Samples for triglycÃ©ride, total cholesterol and HDL cholesterol analyses were stored at 4*C and assayed within 7 d. The fasting condition was chosen to avoid the possibility of varying food intake and thus dif ferent blood glucose and insulin levels among the groups. In the morning of d 19 of pregnancy, a silastic cannula was surgically implanted under ether anes thesia in the external jugular vein of rats fasted over night (14-15 h fasting). This cannula protruded be tween the ears. Three to four hours later, when the rats were fully recovered from anesthesia and moving freely in the cage, an oral glucose tolerance test was performed. A baseline blood sample was withdrawn before 1 g/kg of a 2.78 mol/L glucose solution was administered by orogastric route via a stainless steel feeding needle. Blood samples were obtained 30, 45, 60, 90 and 120 min after the oral glucose load. Plasma sample preparation was the same as described before. Baseline plasma samples were analyzed for glucose, triglycÃ©rides, total cholesterol and HDL cholesterol. The other plasma samples were analyzed for glucose.
Within 12 h after delivery, pups were weighed. Litter size was standardized at eight pups per litter. Effort was made to equalize the number of male and female pups in each litter. The extra pups from each litter were killed by decapitation and trunk blood was collected and pooled within each litter for assays. All dams were fed the same diets during lactation as during gestation. On d 22 of lactation, all pups were removed from the dams, killed by decapitation and blood samples collected and pooled for assays.
Immediately after weaning, a second oral glucose tolerance test was performed on dams following the procedure described. All dams were then killed 2 d later in a fed state by decapitation. Trunk blood samples were collected. Livers were removed and stored at -70'C for enzyme assays. Retroperitoneal fat pads were obtained and immediately digested by col lagen to obtain isolated fat cells for in vitro insulin sensitivity determination (28) .
Biochemical assays. Plasma glucose was deter mined spectrophotometrically by the method of Trinder (21) using a kit purchased from Sigma Chemical (St. Louis, MO). Plasma triglycÃ©ride (22) , total cholesterol and HDL cholesterol (23) concentra tions were measured enzymatically by spectrophotometry. Liver samples were homogenized and supernatants prepared for each rat as described by Cleary (24) . Supernatant was assayed for the lipogenic en zymes glucose-6-phosphate dehydrogenase (EC 1.1.1.49) (25) and malic enzyme (EC 1.1.1.38) (26) , and for the gluconeogenic enzymes phosphoenol-pyruvate carboxykinase (PEPCK, EC 4.1.1.49) (27) and fructose bisphosphatase (EC 3.1.3.46) (26) . In vitro insulin sen sitivity was evaluated by measuring lipid synthesis in retroperitoneal fat cells according to the method of Rodbell (28) .
Statistical analysis. Means and SEM were calcu lated and reported. Analysis of variance with repeated measures was performed to evaluate the effects of diet on plasma metabolites, body weight and food intake data. Analysis of variance was used to compare the pregnancy outcome. When a significant effect was observed in ANOVA, the honest significant difference tests were performed to identify the groups that con tributed to the overall significance (29) . Differences were considered statistically significant at P < 0.05.
RESULTS
Body weight and food intake. The body weight changes during gestation and lactation periods of the three groups of rats were not different from each other (overall mean of three groups on d 1 of pregnancy: 248 Â±7 g; on d 21 of pregnancy: 340 Â±13 g; on d 21 of lactation: 268 Â± 6 g). No differences in weekly food intake were observed among the reference, sucrosefed or fructose-fed groups. The overall food intake of the three groups of rats was 153 Â±15 g during ges tation and 354 Â±26 g during lactation.
Pregnancy outcome. The gestation period for all rats was 22 Â±1 d. There was no diet effect on ges tation length. Female rats fed the reference diet had fewer pups than did sucrose-fed rats (P < 0.05, Table 1 ) and tended to have fewer pups than the fructose-fed rats. There was no difference in total litter weight among the groups. Therefore, pups bom to dams fed the reference diet weighed significantly more than those of the other two groups (P < 0.05).
Plasma glucose levels in dams. On d 10 and 19 of gestation, fructose-fed rats had significantly elevated fasting blood glucose concentrations relative to the other two groups, which did not differ (Table 2) . However, the reverse was true at weaning: fructosefed rats had significantly lower glucose concentration than the other two groups. When killed in a nonfasting state, fructose-fed and reference rats had similar blood glucose concentrations whereas sucrosefed rats had significantly elevated glucose concentra tion.
Oral glucose tolerance test. During the first oral glucose tolerance test, fructose-fed rats had signifi cantly higher glucose concentrations at each sampling time than did the other two groups (Fig. 1) . After adjusting for the differences in baseline glucose con centrations, all groups responded similarly to the 
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FIGURE 1 Glucose concentrations during two oral glucose tolerance tests (OGTT); OGTT 1 was conducted on d 19 of gestation and OGTT 2 on d 21 of lactation. The glucose load was 1 g/kg body wt. Each point represents the mean,-n -16 for fructose and sucrose groups, and n -8 for reference diet group. Vertical bars represent SEM.Fructosefed rats had significantly elevated basal glucose concentra tions when compared with sucrose and reference diet rats (P < 0.01), honest significant difference tests. However, no difference in OGTT responses were observed among the three groups after adjusting for the difference in basal glucose levels (see Table 2 ). There was no difference among the three groups in OGTT 2. glucose load. There was no difference in the second glucose tolerance test among the three groups after adjusting for the baseline glucose differences (Fig. 1) .
Plasma lipid levels in dams. On d 10 of gestation, fructose-fed rats had significantly higher triglycÃ©ride concentrations than did sucrose-fed rats (Table 3) . TriglycÃ©ride concentrations of reference rats were be tween those of sucrose-fed and fructose-fed groups and were not different from either group. No dif ference in total cholesterol concentrations was ob served between groups. However, reference rats had lower HDL cholesterol concentrations than did the other two groups. During late gestation when blood samples were taken on d 19, reference rats showed significantly greater triglycÃ©rideand lower total and HDL cholesterol concentrations than the other groups. At weaning, the only difference in plasma lipid concentration was in triglycÃ©rides; sucrose-fed rats had significantly higher triglycÃ©ridelevels than did fructose-fed and reference rats. When killed in a fed state, reference rats showed significantly elevated triglycÃ©ride levels.
Liver enzyme activities in dams. Livers from sucrose-fed rats weighed significantly less than those from fructose-fed or reference rats (P < 0.01, Table 4 ). Gluconeogenic enzyme PEPCK activity was elevated (on a per gram wet weight basis) in fructose-fed and sucrose-fed rats relative to reference rats. No other differences in enzyme activities were observed. When total liver enzyme activities were calculated, there were no differences in lipogenic and gluconeogenic enzyme activities among the groups.
Plasma substrate concentrations in pups. Immedi ately after birth, there were no differences in blood lipid concentrations (Table 5 ) among the three groups of pups bom to Hams fed sucrose, fructose or reference diets. However, pups bom to fructose-fed dams had significantly elevated plasma glucose concentrations (P < 0.05). At weaning, all three groups of pups had similar plasma lipid and glucose concentrations. Plasma glucose concentrations of pups were corre lated with glucose concentrations of dams at weaning (r -0.57, P < 0.05).
In vitro insulin sensitivity in dams. Fat cells iso lated from fructose-fed and sucrose-fed dams had similar but suppressed lipid synthesis in response to insulin stimulation when compared with cells iso lated from reference dams (Fig. 2) . The difference between reference and sucrose-and fructose-fed rats reached statistical significance at insulin concentra tions of 44 pmol/L and 88 pmol/L (P < 0.05).
DISCUSSION
In the present study fasting plasma glucose concen trations were elevated in pregnant rats fed the fructose diet. It was reported previously that fasting plasma glucose was higher in hyperinsuhnemic men (2) and normal rats (5) after a period of fructose feeding. The present study adds another physiological condition in which fructose feeding could induce hyperglycemia, i.e., during the gestation period. This is in contrast with the reported lower glycÃ©mie re sponse observed after acute fructose feeding (4) or normoglycemia in rats not fasted overnight (8) . There fore, when examining the effect of fructose feeding, duration of feeding, sampling procedure (fasting or nonfasting) and other factors (30) should be consid ered.
Although fasting plasma glucose levels of fructosefed rats were higher during gestation, they were sig- nificantly lower than those of the other two groups during lactation. The mechanism for this change is not yet clear. During both gestation and lactation periods, sucrose-fed rats had a plasma glycÃ©mie profile very similar to that of reference rats. Apparently, the con centration of the fructose moiety in the sucrose mol ecule was not high enough to cause significant abnor malities in blood glucose concentrations.
Liver PEPCK is one of the rare-limiting enzymes in gluconeogenesis. When expressed per g of liver, this enzyme activity was elevated in fructose-fed and sucrose-fed rats relative to the reference rats. Fructose feeding is known to increase PEPCK activities in rats (5) . The fructose moiety in the sucrose molecule may also have increased PEPCK activities in sucrose-fed rats. However, 2 d after weaning, blood glucose levels were elevated only in sucrose-fed rats. From these observations, a putative hypothesis is formulated: during the lactation period, demands for lactose syn thesis cause mammary glands to take up glucose at a rate proportional to circulating blood glucose levels. Because fructose-fed rats have higher blood glucose concentrations, the rate of glucose uptake in these   TABLE 4 Liver weight and enzyme activity levels in rat dams fed fructose, sucrose or reference diets 2 d after weaning* Liver weight, g PEPCK, \uaol NAD/(min-g wet wt) FBP, \unol NADPH/fmin-g wet wt) G6PDH, \uaol NADPH/(min-g wet wt) ME, u/noi NADPH/fmm-g wet wt)Fructose diet (n -16)13.0 Â±0. rats may be higher, thus producing hypoglycemia after an overnight fast. Two days after weaning, the mammary glands are involuting and glucose is still being taken up by the glands but at a much reduced rate. Thus the glucose concentrations of fructose-fed rats gradually return from the hypoglycÃ©mieto normoglycemic state. In sucrose-fed rats, perhaps due to an increased hepatic PEPCK enzyme activity (per gram of liver) relative to reference rats, these rats manifest a hyperglycÃ©miestate 2 d after weaning, â€¢whereas reference rats still maintain a stable glucose profile. It is further postulated that after several more days postweaning, the glucose concentrations in fructose-fed rats would eventually increase and the rats would become hyperglycÃ©mie, as is the case in sucrose-fed rats.
The in vivo glucose tolerance was not impaired in rats fed the fructose or sucrose diets. However, in vitro insulin sensitivity in adipose tissue was signifi cantly lower in fructose-fed and sucrose-fed rats rel ative to those fed the reference diet. Because adipose tissue accounts for only -5% of the glucose util ization in vivo, an impairment in glucose utilization by adipose tissue may not be detected by in vivo testing.
Hypertriglyceridemia is a common feature of fructose feeding (8, 9, 11) . In this study, an elevated plasma triglycÃ©ride concentration in fructose-fed rats, relative to sucrose-fed rats, was observed on d 10 of gestation only. Toward the end of gestation period (d 19), reference rats had significantly higher triglycÃ©ride concentrations than did the other two groups. This elevated triglycÃ©rideconcentration at the later stage of pregnancy is similar to what is observed in normal human pregnancy (17) . The mechanisms for differ- 
FIGURE 2
In vitro lipid synthesis of adipocytes in re sponse to insulin stimulation. Adipocytes were isolated from the retroperitoneal region. Rats fed the reference diet had a significantly greater response than fructose-and sucrose-fed rats at insulin concentrations of 44 pmol/L and 88 pmol/L. Each point represents the mean of eight rats in fructose, eight rats in sucrose and six rats in reference diet groups. Vertical bars represent SEM.
enees among the three groups in total and HDL cho lesterol concentrations are not apparent at the present time and the effects on maternal fuel homeostasis deserve further investigation.
Pups born to dams fed the fructose diet were hyper glycÃ©mie at birth, but glucose concentrations returned to normal levels at weaning. This apparently is due to the increased placental transfer of glucose from fructose-fed hyperglycÃ©miedams to their fe tuses. The significance of this early period of hyperglycemia to later life is unknown. No other difference in blood substrates was observed. The difference in the number of pups delivered per Utter among the three diet groups is difficult to explain and may rep resent a chance occurrence.
This study demonstrated the complex influence of dietary carbohydrates during gestation and lactation on maternal and pup fuel metabolism. The sucrose diet used in this study was the standard AIN-76 diet and should be adequate to sustain gestation and lac tation in rats. However, the lipid profiles of sucrosefed and reference rats during pregnancy were dif ferent. Additional research is thus necessary to define an "ideal" diet for pregnancy and lactation in rats. Fructose, in addition to its hyperlipidemic property, also causes hyperglycemia during pregnancy in dams and in pups at birth. This hyperglycemia may not be desirable because its long-term effect on glycÃ©mie control is not yet known.
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